The evolution of the vibrational spectra of the isoelectronic hydrogen clusters H 26 , H 24 He, and H 24 Li + is determined with pressure. We establish the vibrational modes with collective character common to the clusters, identify their individual vibrational fingerprints and discuss frequency shifts in the giga-Pascal pressure region. The results are of interest for the identification of doping elements such as inert He and ionic Li + in hydrogen under confinement or, conversely, establish the pressure of doped hydrogen when the vibrational spectrum is known. At high pressure, the spectra of the nanoclusters resemble the spectrum of a solid, and the nanoclusters may be considered crystals of nanometer scale. The computations are performed at the gradient-corrected level of density functional theory. The investigation is the first of its kind. © 2014 AIP Publishing LLC.
INTRODUCTION
The study of clusters represents a fundamental topic of research for several reasons. For instance, they are understood as the tiny counterparts of extended matter from which the macroscopic properties of the material start building up. But, simultaneously, the clusters have properties of their own, like these of physical and chemical nature that change with the cluster size. In this connection, size is conceived as a new physical variable at the nanoscopic level.
Clearly, in the process of growing the cluster the role of the size fades out and the bulk properties are reproduced. 1 Still, some properties initially observed on clusters persist in the extended solid, these are usually of local nature, like the elasticity between contiguous neighbors. In this respect, the equations of state of a cluster and solid are anticipated to have some common features. However, there are other important characteristics that make clusters unique before reaching large sizes. In the region of small sizes, the clusters may play the role of superatoms. Based on the fact that a collection of bonded atoms produces the redistribution of the individual electron densities, due to the delocalization of the nuclear potential, the clusters can induce closed electron shells, thus simulating an elementary atom of bigger size. Similar to elementary atoms, the addition or subtraction of one electron in the superatom is capable to change the reactivity: one extra electron to the closed shell favors the giving of an electron and the superatom mimics an alkali metal atom, and with one less electron, we have a superatom with large electron affinity simulating a halogen atom. In short, one may visualize nanoclusters as the new entities extending the periodic table for "atom" sizes. a) Electronic addresses: rbnsntmr@gmail.com; soullard@fisica.unam.mx; bokhimi@fisica.unam.mx; and inukzuk@gmail.com.
The behavior of nanoclusters also depends of the surrounding environment. When we deal with molecules, it is well known that their chemistry changes in confined spaces. 2 However, contrary to molecules, little is known about their energetics and dynamics under the effects of pressure and temperature. Clearly, this is a missing link between the nanoscopic matter and extended solid in environments different to void space. This work contributes in such a direction by characterizing doped hydrogen clusters under pressure from a vibrational perspective. The characterization provides the frequencies, intensities, normal vibrational modes and classifies the unique vibrational markers for the given confined conditions. 3 We use a general methodology developed for clusters under confinement along several papers. [4] [5] [6] [7] [8] [9] By using this methodology, it was found that doped hydrogen clusters reach the metallic state at lower pressures than the pure hydrogen species. In an attempt to go along the same line, we compare here the vibrational spectra of pure hydrogen clusters with the corresponding spectra of doped hydrogen clusters. The study unfolds within the harmonic approximation since the harmonic approach is appropriate at high pressure 10 (qualitatively speaking, a particle has less space to move under high pressure due to the interaction potential that becomes narrower and steeper with pressure, keeping the particle away from the anharmonic region of the potential). The spectroscopic data represents a fingerprint and is of help for the identification of clusters with different composition and in different environments. Also, the vibrational spectroscopy is very sensitive to the molecular structure and the spectroscopic data may be employed to reveal changes of the molecular orientational order, put in evidence phase transitions, or provide information of the intermolecular potential. 11 Yet, the vibrational characterization may be used in reversed order, to discern the pressure when vibrational markers of the encapsulated particles have been previously established.
On the experimental side, spectroscopic methods have produced a wealth of relevant data. For instance, the infrared spectra of size-selected neutral clusters (H 2 O) n indicate the onset of crystallization when n = 275 ± 25. For n = 475 ± 25, a characteristic ice band is observed. 12 By using the same spectroscopic technique it has been possible to show that nanocages of protonated water H + (H 2 O) n are formed when n ≥ 21 . 13, 14 The studies point out that such nanoclusters play key roles in the structures of aqueous hydrophobic interfaces. Also, based on infrared spectroscopy, the first solvation shells of OH − (H 2 O) n and F − (H 2 O) n were determined. 15 Clearly, the results of such clusters are important for understanding the chemistry of water. In reference to small systems of particles under confinement, there are investigations focused on the properties of endohedrally confined metal atoms in fullerenes. In particular, vibrational properties have been reported. 16 The spectroscopic methods have elucidated the dynamic behavior of the encaged atom Ce in C 82 in gas phase 17 and when C 82 is adsorbed on a Cu surface. 18 Similarly, infrared spectroscopy has elucidated the photodissociation process of Si(CO) n aggregates. 19 For encapsulated molecules, the spectroscopic studies have provided information of their properties according to the surroundings (see, for instance, the studies of H 2 @C 60 20 and H 2 O@C 60 21 ). When the number of confined molecules increases, infrared spectroscopy shows the building of small stable aggregates that are basic for the formation of larger clusters. The formation of cyclic water hexamer in liquid helium droplets 22 and the cyclic HF pentamer in solid para-hydrogen are two particular cases. 23 On the other hand, high pressure Raman spectroscopy, infrared detection, and x-ray studies have shown that clathrate cages retain small hydrogen clusters in their interiors. 24 By using powder xray diffraction and Raman spectroscopy, it has been possible to demonstrate that modification of the synthesis process of clathrate hydrates improves their hydrogen storage capacity. 25 Finally, there is interesting vibrational information of the hydrogen solid under confinement. A Raman frequency turnover at approximately 30 GPa has been observed. For deuterium, it occurs close to 50 GPa. An infrared frequency turnover was detected at 140 GPa, suggesting a transition from the molecular to the atomic state due to the weakening of hydrogen molecular bonds. [26] [27] [28] [29] A similar behavior is expected for hydrogen nanoclusters since the vibrational spectrum of the cluster is strongly correlated with its structure, and the structure changes with the pressure. Still, some differences with respect to the solid are expected due to the finite size of the clusters.
CONFINEMENT MODEL OF FINITE SIZE SYSTEMS
The molecular simulation of a system of particles under the effects of pressure demands the presence of confining walls; however, the atomic structure of the walls makes the molecular simulations computationally expensive. In this regard, alternative approaches have emerged making use of extended Lagrangians to include barostat and thermostat effects through virtual particles. These methods show acceptable results for systems with translational symmetry, like crystals, 30, 31 but their application to finite size systems remains questionable. In this work, we assume a confinement cage with atomic structure and interacting with the enclosed particles. For finite size systems, the interaction with the container is simply unavoidable because the container is responsible for the pressure exerted on the enclosed particles.
We apply the TMoFSS approach (Thermodynamic Model of Finite Size Systems) developed through a series of works, [4] [5] [6] [7] [8] [9] since it has shown flexibility, particularly for hydrogen clusters for which it was possible to establish the equation of state, resulting in excellent agreement with this of the solid obtained experimentally. By using the TMoFSS model, we also analyzed the transition from the molecular to the atomic state on hydrogen clusters, the induced metallization with pressure, the role of doping elements, temperature effects, etc. In spite of the fact that the clusters represent the finite size counterpart of the solid, and no comparison with the solid is in principle compulsory, the results using TMoFSS have shown good agreement with experimental measurements on the solid.
The isoelectronic series to deal with is H 24 X, where X = H 2 , He, Li + . It is of interest since the electronic charge spatially spreads according to the number and positions of the positive attractors (the protons in our case). For instance, the electronic charge is spatially delocalized in H 2 , but localized in He. On the other hand, in going from He to the ionic element Li + , mass effects in combination with the effects of adding one more attractor appear. The vibrational spectroscopy is sufficiently sensitive to the rearrangement of the electron cloud and, thereby, permits to identify changes with doping elements. On the other hand, a spherical fullerene conformed by 60 hydrogen atoms plays the role of the container. It is characterized by the radius R c , and the atoms of the container interact with the encapsulated atoms. By radially shrinking the cage, it is possible to produce different pressures on the confined atoms. Our reference system in the evaluation of doping effects is the cluster H 26 (i.e., H 24 X with X = H 2 ). The number of 13 hydrogen molecules is a magic number (Ref. 32 ) and has shown to be energetically stable at high pressures, 8 with the capacity to provide results compatible with experiments on the solid. 9 Interestingly, the confinement model has put in evidence the self-assemble of hydrogen clusters of different sizes and geometries under extreme pressures. 5 The imprisoned cluster is energetically optimized for fixed cage atoms. The energy of the cluster is computed by subtracting the energy of the empty H 60 cage from the energy of the cluster-plus-cage system H 24 X@H 60 for fixed cage atoms. The energy of the confined cluster H 24 X is corrected with zero-point energy effects. In order to classify the thermodynamic state of the confined system, the pressure and volume are determined from a plot of the cluster energy versus the cluster volume. In fact, we make a fit of the plotted data to obtain an analytical function of the type E = E(V ). The pressure is determined by differentiation, P = −(∂E/∂V ). In essence, this constitutes the TMoFSS approach, with a computational expense that is not prohibitive, specially for small and medium sized particle systems. The details of the TMoFSS approximation can be found elsewhere.
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METHOD
A true equilibrium geometry of the encapsulated system is obtained when it is energetically relaxed and all the vibrational frequencies are real. To do this, the generalized gradient version of the DFT method has shown to be accurate enough to produce energy minima with real vibrational frequencies, particularly for ionic hydrogen clusters. 33 Thus, we use the generalized gradient version of DFT with the expressions of Becke for exchange 34 and Lee-Yang-Parr for correlation 35 because these functionals have shown the correct behavior and accuracy in the closing of the energy gap, the building of the equation of state, the Lidemann criterion factor, etc.
The calculations are performed with closed shells, as they allow charge mixing between the imprisoned particles and cage atoms with the pressure 5 and present reduced spin contamination. The basis sets are Gaussians 6 − 31G*, they are acceptable to find energy minima with real vibrational frequencies, providing an equation of state close to the experimental one, and low computational cost. Finally, the dispersion forces play important roles in the calculation of binding energies, even for endohedral guests encapsulated in fullerene cages. 36 In our case, the dispersion forces are neglected due to the fact that the clusters under pressure completely fill the inner region of the fullerene and there are no long-range interactions in the interior of the cage.
The electron wave function in the DFT method is described by a single determinant of molecular orbitals. The orbitals are determined by self-consistently solving the DFT Kohn-Sham one-electron equations. The numerical selfconsistent approach is finished when the convergence is 10 −6 a.u. in both the density matrix and energy. The total energy of the cage-cluster system is minimized over the positions of the encapsulated atoms using the quasi-Newton method. 37 The calculations are performed with the lowest spin multiplicity. The first part of the calculations is performed with the NWChem program. 38 The hydrogen cluster (with no doping element) results with a central H 2 molecule. In the doped clusters, the central H 2 molecule of the previous calculation is replaced by an He or Li + impurity, proceeding with the corresponding optimization process from this initial structure. Subsequent to the energy minimization process, a constrained vibrational frequency analysis of the imprisoned particles is done with the cage atoms fixed at their positions. The thresholds in this case are 1.5 × 10 −5 hartree/bohr in the maximum force, and 10 −5 in the root mean square of the force. The constrained vibrational frequency analysis provides the zeropoint vibration energy of the confined structure under study. The software package used in this last stage is Gaussian. 39 The computations are performed in a PC-cluster. Interestingly, the confinement model is compatible with the new computing technologies and paradigms discussed in Ref. 40 .
RESULTS AND DISCUSSION
Vibrational spectrum behavior with pressure
The equation of state that provides the pressure of the clusters was computed in Ref. 9 . It is given in the form FIG. 1 . The pressurized structures of the hydrogen cluster H 26 and doped clusters H 24 He and H 24 Li + are shown. The pressures are written in parenthesis and correspond to a fullerene cage radius of R c = 2.60 Å (the fullerene cage is omitted for simplicity). The cluster H 26 (inset (a)) may be visualized as composed by 6 subunits with 4 atoms each one. In cluster H 24 He (inset (b)), the He atom appears totally encaged while in cluster H 24 Li + (inset (c)), the Li + ion is partially encaged. P = −∂E clu /∂V , where the energy of the cluster is: Figure 1 shows some of the cluster structures. The structures of the pure and doped hydrogen clusters are different under similar pressure conditions (in the neighborhood of 510 GPa). On the other hand, Figure 2 shows the closestneighbor distance of every atom conforming the cluster. The distances are sufficiently similar that is difficult to discriminate the cluster structures based on these types of plots solely. On the other hand, the vibrational spectra of the isoelectronic series H 26 , H 24 He and H 24 Li + under different pressures are depicted in the insets of Figures 3(a)-3(c) , respectively. The vibrational spectrum changes with the pressure and doping element. With the exception of the highest frequencies   FIG. 2 . The plots exhibit the closest-neighbor distance of every atom in the clusters H 26 , H 24 He and H 24 Li + (shown in in Figure 1 ). In the case of the clusters H 26 and H 24 He, we essentially observe 2 plateaus, though the plateaus of the cluster H 24 He appear closer to each other. The large jumps at the end of these two plots refer to the two central hydrogen atoms in H 26 and to the He atom in H 24 He. On the other hand, the cluster doped with lithium shows 3 plateaus, some of the plateaus overlap with these of the other clusters. The different plateaus among the clusters are indicative of different structures of the clusters, unfortunately, they are not unique to be considered fingerprints.
FIG. 3.
The harmonic vibrational spectra of the isoelectronic clusters H 26 , H 24 He and H 24 Li + under confinement are presented for some selected pressures and frequencies lower than 5000 cm −1 . The numbers in the insets are the cage radii R c (Å) and in parenthesis the corresponding pressures (GPa). The vibrational spectra change with both the pressure and doping element.
(these are discussed below), a narrowing process of the vibrational spectrum is observed when the pressure increases. In particular, the spectrum of H 26 exhibits closely packed frequencies and more similar intensities. This behavior is compatible with that shown in Ref. 11 for the D 2 overtone, temperature 77 K. The number of frequencies of the cluster remains constant since the degrees of freedom are not changed in the process of increasing the pressure. The behavior of the H 26 spectrum is associated with a conformation evolving towards a more symmetric structure with pressure. In the limit of very high pressures, we expect frequencies with much closer values, and since the number of frequencies is always preserved, vibrational degeneracy should start to emerge. However, the vibrational degeneracy of the cluster should be distinguished from this of the solid. In the cluster case, the pressure induces higher spatial symmetry, leading to the degeneracy of vibrational frequencies, while the vibrational degeneracy of the hydrogen solid is dominated by a periodic structure, observable at any pressure regime, with an upper bound established by the crystal Debye frequency. The conclusion is that clusters without pressure may play the role of superatoms, but under the effects of high pressure they reveal vibrational properties like these of extended solids due to the vibrational degeneracy induced by the pressure.
A similar compact behavior of the spectrum is observed in doped hydrogen clusters. The individual vibrational markers of He and Li + are distinguished in the spectra of H 24 He and H 24 Li + , becoming more pronounced in the high pressure region (further discussion is provided later).
Analysis of vibrational frequencies
The highest and smallest vibration frequencies of the isoelectronic clusters H 26 , H 24 He and H 24 Li + are shown in Table I in terms of the pressure. The highest frequencies of H 26 are assigned to bond stretching of the central H 2 molecule and essentially increase when the pressure increases. The doped systems exhibit monotonic reduction of the highest frequencies by increasing the pressure. In this case, the normal modes exclude the doping elements, but involve coplanar hydrogens. The hydrogen planes vibrate towards each other (as opposed to molecules, where we usually observe no-vibrating planes). The monotonic reduction of frequencies is attributed to a localized nuclear potential. More precisely, in the pure hydrogen H 26 case, we have a delocalized nuclear potential at the cluster core, but a localized potential in the H 24 204 up to 339 GPa the smallest frequency keeps reducing, but at 422 GPa the reduction pattern is inverted. The change exposes a frequency turnover between 339 and 422 GPa for the smallest frequency. It is associated to structural changes of the cluster with the pressure. On the other hand, the smallest frequencies of the clusters H 24 He and H 24 Li + increase when the pressure is increased (from ∼210 up to ∼510 GPa). It is in the region of very high pressure (∼600 GPa) that the smallest frequencies of H 26 and H 24 He are inverted. At such high pressures, the atoms conforming the cage strongly interact with the encapsulated atoms, and the turnover points in this interval may be not uniquely associated to the cluster. In the case of H 24 Li + , a monotonic behavior is obtained in the pressure interval explored, nevertheless, a soft turnover appears between 412 and 511 GPa. For the case of the H 24 He cluster, the soft turnover occurs at 224 GPa.
The pressure exerted on doped hydrogen clusters produces a more compact vibrational spectra. This is not the case for the pure hydrogen cluster. The vibrational degeneracy of the clusters, resembling that of a crystal, starts to appear in the high pressure limit. Thus, the clusters are expected to exhibit the properties of a crystal under equal conditions of pressure. In some sense, this property complements the discussion presented in the introductory section: a cluster may play the role of a nanosize atom (superatom) at very low pressures, while it may play the role of a nanocrystal at high pressures. Also, we found frequency turnover points for all the isoelectronic clusters at different pressures, but they appear for the smallest frequencies, not for the highest ones. The frequency turnover points are associated to structural changes with the pressure. In the following sections, we clarify the observations by analyzing vibrational modes in different spectral regions.
Vibrational modes
The computation of the vibrations of the three isoelectronic clusters under different pressures provides a vast spectroscopic data (an minimum of 75 vibrational modes of each cluster, with computations for six different pressures). In this regard, it is convenient to pay attention to the most representative vibrational modes. To do this, we discuss modes showing similar vibrational patterns and others that classify individually.
Vibrations with breathing character
The breathing modes are relatively easy to identify and are important among the collective vibrations. The breathing modes are observed in the three cluster species, but with different frequencies due to the doping elements and the pressure exerted over the clusters. In order to measure the breathing of the mth mode, we define the breathing character bc m :
where r i /|r i | is the unit vector position of the ith atom, q m i /|q m i | the unit vibration vector of such an atom in the mth mode, and N is the number of active atoms vibrating in the cluster. In our case, N = 26 for the pure hydrogen cluster and 24 for the doped hydrogen clusters. The dot products are introduced to project the vibrational mode along the radial direction. In some instances, such products may be positive or negative, indicative of atoms vibrating in different radial directions. A pure breathing of the cluster is achieved when all atoms move radially in the same direction. For the case of H 26 , we denote the pure breathing mode in the form (26, 0) or (0, 26) to indicate that all atoms (26 in total) move either in the negative or positive radial directions, respectively. The vibrations with less breathing character are denoted similarly, for example, the term (10, 16) indicates that 10 atoms move in the negative radial direction but the other 16 move in the positive direction. On the other hand, the term (13, 12) points out that 25 atoms vibrate, 13 in one direction, 12 on the opposite one and one additional atom contributes with zero dot product (for instance, static atoms have q m i = 0, or when an atom is located at the origin r i = 0). For a given breathing mode, the positive or negative signs of the radial directions simply represent a phase factor and are of secondary importance here. In Table II , we show the first three vibrational modes with highest breathing character under different pressures. The magnitude of the breathing character (bc) is given there. A pure breathing vibrational mode acquires the value bc m = 1, while vibrations with smaller values indicate nonpure breathing character. Table II shows that none of the vibrations are pure breathing modes, making the bc numbers lower than 1.0 (but many of them with values above 0.9). In the case of H 26 , the vibrational frequency increases when the pressure is increased. Small bc numbers appear at pressures 422 and 339 GPa. According to our previous investigations, this is the pressure range where metalization and atomization of the hydrogen cluster show up. 6 Other vibrations of H 26 also exhibit breathing character but their bc numbers are substantially lower with respect to these of doped clusters. In the low pressure region, the frequencies of the doped clusters are relatively close to the frequencies of H 26 ; however, the differences become slightly more pronounced in the high pressure region. In the pressure range 410 − 638 GPa, the bc numbers of H 24 He deteriorate and, for H 24 Li + , it occurs in the pressure range 412 − 511 GPa.
Vibrational fingerprints of the confined clusters
We are interested in identifying the vibrational fingerprints of the clusters. The pure hydrogen cluster H 26 contains a central H 2 molecule plus 24 hydrogen atoms surrounding it (see Figure 1) . The central H 2 molecule is a distinctive component and any vibration where it takes significant part constitutes a vibrational marker of H 26 . The vibrations of the central molecule change with the pressure, nevertheless, it is possible to classify them in four categories. Two of these involve static mass centers of the central molecule, and the other two nonstatic mass centers. In the case of the static centers of mass (CM), the H 2 molecule may present stretching vibration or quasi-rotation of the molecular bond with fixed CM. In the case of non-static CM, the central molecule exhibits translating motion that may be parallel or perpendicular to the H 2 bond. Table III presents the translational modes with largest amplitudes and the quasi-rotational modes with the largest angles of the central H 2 molecule. The dominant translational motions of the H 2 molecule are of perpendicular type and only some modes involve the parallel translational form. The vibrational frequencies of the translational motions increase when the pressure is increased. On the other hand, the largest angles for the quasi-rotational vibrations of H 2 are close to 50
• . Surprisingly, the quasi-rotational vibrations come and go with the pressure, at 412 and 606 GPa no quasi-rotational vibrations are observed. Unfortunately, the vibrational frequencies of the quasi-rotational vibrations of H 2 describe no clear pattern with pressure.
In regard to the doped clusters, we are interested in the modes where He and Li + vibrate noticeably. In Table IV , we present their fingerprints with pressure and, The symbols ⊥ and indicate perpendicular and parallel translational motion of the H 2 molecule with respect to its bond axis. The horizontal dots indicate that no vibrational mode was identified for the particle in the cluster under the given pressure. in addition, the bond stretchings of the central H 2 molecule of H 26 are included. The frequencies of the bond stretching vibrations of H 2 increase slowly with pressure; however, the oscillations of the doping elements He and Li + exhibit bigger changes with pressure.
CONCLUSIONS
We have investigated the evolution of the vibrational spectra of pure and doped hydrogen clusters in the gigaPascal pressure region. The doping elements are He and Li + to conform the isoelectronic cluster series H 24 H 2 , H 24 He and H 24 Li + . The vibrational spectra becomes more compact when the pressure is increased and, at very high pressure, the spectra resemble this of a solid. In the high pressure region, the clusters are expected to behave like tiny crystals at the nanodimension scale. The doping elements are capable to modify the vibrational spectra of the pure hydrogen cluster by showing their vibrational fingerprints. The whole set of clusters exhibit collective vibrations such as the breathing modes, with frequencies that depend of the doping element and exerted pressure. We observe soft and strong turnovers of the frequency (as it occurs in the solid). In reference to the confinement model, it is sufficiently flexible and accurate that can be applied to other systems of different nature and sizes, and helpful to establish the thermodynamic state of the system under confinement. The importance of this work involves, from a general perspective, the characterization of matter at the nanoscopic level in environments different to void space.
